In several gut inflammatory or cancer diseases, cell-cell interactions are compromised and an increased cytoplasmic expression of β-catenin is observed. Over the last decade, numerous studies provided compelling experimental evidence that the loss of cadherin-mediated cell adhesion can promote β-catenin release and signaling without any specific activation of canonical Wnt pathway. In the present work, we took advantage of the ability of lipofectaminelike reagent to cause a synchronous dissociation of adherent junctions (AJs) in cells isolated from rat enteric nervous system (ENS) for obtaining an in vitro model of deregulated β-catenin signaling. Under these experimental conditions, a GFP Wnt reporter plasmid called ΔTop_EGFP3a was successfully tested to screen β-catenin stabilization at resting and primed conditions with exogenous Wnt3a or lipopolysaccharide (LPS). ΔTop_EGFP3a provided a reliable and strong fluorescent signal, which was easily measurable, and at the same time being highly sensitive to modulations of Wnt signaling following Wnt3a and LPS stimulation.
INTRODUCTION
To date, several detection approaches have been proposed to increase the in vivo efficacy of Wnt signaling investigation. In the activation phase, the canonical pathway (Figure 1 ) requires the binding of Wnt1 class ligands (e.g., Wnt1, Wnt3a and Wnt8) to Frizzled receptors, and coreceptors, including low density lipoprotein receptor-related proteins 5 or 6 (78;3), to recruit the cytoplasmic component Dishevelled protein inhibiting the large destruction "scaffolding" complex composed of Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase-kinase 3β (GSK3β). As a result, β-catenin is not degraded, but accumulates and shuttles into the nucleus where it activates target genes involved in the regulation of self-renewing/differentiated state of several types of cells including hematopoietic (64) intestinal (69) and neural stem cells, via with DNA-binding factors T-cell factor (TCF) and lymphoid enhancer-binding factor 1 (LEF1) (40;33) . In contrast, when Wnt and its cross-talking pathways are within an inactive state (37) , β-catenin is bound to cadherins or is tagged by phosphorylation for ubiquitin-mediated degradation (49) . In the last decades, compelling experimental and clinical evidence highlighted that the dysregulation of Wnt pathway plays a crucial role in the development of cancers (39; 62; 66; 73) , neurological disorders (47; 51) and inflammation (52) . In the gut, Wnt regulatory activities during embryogenesis are well documented (41; 72; 75) whereas, in the adult life, and especially in the postnatal and adult ENS, they are still under investigation (26) . Evidence from in vitro studies on rat ENS-derived cells (17) or in vivo injuries of inflammatory bowel diseases (80) leads to assume that Wnt signaling exerts anti-inflammatory activity inhibiting intestinal NF-кB (74) , reducing TNFα release (60) and upregulating the expression of IL10 (17) or TGFβ (50) .
To investigate the activation of canonical Wnt signaling, numerous studies were carried out using expression plasmids such as Korinek's TOPFLASH reporter gene (36; 4) , a vector that is provided with multiple binding motifs of T-cell factor/lymphoid enhancer factor (TCF/LEF) as promoters of luciferase enzyme activity (42) or lacZ gene (15) . Up to date, these screening tools have been successfully tested to study development (55; 57; 16; 70) and wound healing (21) .
Recently, Apfel and colleagues (2) have provided an innovative detection system based on a GFP Wnt reporter plasmid (SuperTop-EGFP4-1-5) to track the activation of Wnt signaling pathway in HEK 293T cells. This vector is provided with TCF motifs that turn on the expression of enhanced GFP (EGFP) recombinant protein when interacting with unphosphorylated β-catenin. In this vector, EGFP sequence is inserted in frame with TCF/LEF motif and is synthesized to be anchored to the plasma membrane thus allowing the sorting of cells with activated Wnt signaling.
Besides being an essential coactivator of Wnt-mediated gene expression, β-catenin exerts a critical structural role in adherent junctions (AJs) by binding tightly to the cytoplasmic domain of cadherins (58) . As an alteration of cell-cell interactions could be observed in ENS during several gut inflammatory diseases, it is conceivable that an aberrant activation of Wnt/β-catenin signaling could occur and participate to the progression of pathological conditions. Taken together this evidence, in this study, we took advantage of the ability of lipofectaminelike reagent to cause a synchronous dissociation of AJs in vitro (30) for obtaining a model of deregulated β-catenin signaling (LFA model). Under these experimental conditions, we tested the efficacy of GFP Wnt reporter plasmid (ΔTop_EGFP3a) as a reliable tool for the investigation of Wnt pathway in rat enteric neurons and glial cells at resting and primed conditions with exogenous Wnt3a or LPS. Based on findings from primary cell cultures rather than cell lines, our data suggest a potential application of ΔTop_EGFP3a in functional genomics, drug development and gene-based medicine (29; 38; 77) .
MATERIALS AND METHODS

Isolation and culture of ENS cells
ENS cells (ENSc) were isolated from Sprague Dawley rats, 3 days old as previously described (68) following Italian ethic committee authorization. The samples were cultured in standard medium consisting of Neuronal Base P (PAA, Cölbe, Germany), 1% L-glutamin (Sigma-Aldrich, Milan, Italy), 1% penicillin/streptomycin (Invitrogen, Darmstadt, Germany), 20 ng/mL epithelial growth factor (EGF), 10 ng/mL basic fibroblast growth factor (bFGF) and 10 ng/mL glial cell derived neurotrophic factor (GDNF) (ImmunoTools, Friesoythe, Germany).
Design and production of ΔTop_EGFP3a and EGFP plasmids
The positive control vector pDisplay-EGFP was generated by inserting EGFP gene sequence into the pDisplay vector using restriction digest (EcoRV, SalI). In cells transfected with this vector, EGFP is expressed constitutively under the pCMV promoter ( Figure 2A ). The construct ΔTop_EGFP3a was generated replacing the pCMV promoter with TOP motifs (5'-CCCTTTGATC-3'). The sequence EGFP was inserted into the multiple cloning site subsequence and in frame with TCF/LEF motif ( Figure 2B ). Plasmids were transformed into E. coli DH5α following standard protocols. All restriction enzymes and bacteria for transformation were obtained from New England Biolabs (Frankfurt, Germany).
Transfection
Sub-confluent (70-80%) ENSc were transiently transfected with 2 μg ΔTop_EGFP3a using Roti®-Fect PLUS delivery system (LFA) (Carl ROTH, Karlsruhe, Germany) (ΔTop cells). In parallel, GFP Reporter Plasmid (pDisplay-EGFP) was used to prepare a positive control expressing constitutively EGFP protein (EGFP positive control). Samples treated with LFA alone were considered as negative controls (LFA control, -LFA). Following LFA treatment, the release of β-catenin from adherens junctions to cytoplasm was investigated by immunofluorescence (IF) using mouse anti-rat β-catenin primary antibody (Santa Cruz Biotechnology, Inc) and goat anti mouse PE-conjugated secondary antibody (Santa Cruz Biotechnology, Inc). Untransfected cells were used as reference for the membrane localization of β-Catenin. After mounting with Fluoro-gel II solution containing DAPI (EMS, Hatfield, USA), the samples were observed using a Leica SP5 TCS confocal microscope (Leica, Wetzlar, Germany).
Cell membrane integrity evaluation after LFA treatment
In order to verify the cell integrity after LFA treatment, ENSc were stained with propidium iodide (PI) or analyzed for the expression of N-cadherin (NCAD). LFA-untreated cells were used as control. Samples were incubated with PI (Sigma-Aldrich) at a concentration of 84 nM for 15 min at 37°C. Since PI is only permeant to damaged cells, it is used to discriminate alive from dead/injured cells. The adherent junctions were stained with rabbit anti-rat NCAD (Immunological Sciences, Rome, Italy) and immunodetection was revealed using goat antirabbit FITC. In all samples the expression of β-catenin was evaluated after cell fixation with BD Cytofix solution and permeabilization with 0.5% Triton solution (Sigma-Aldrich). After blocking unspecific sites using 1% BSA solution in PBS, cells were incubated overnight at 4°C with mouse anti-rat primary antibody against β-catenin (Santa Cruz Biotechnology, Inc) and goat anti-mouse secondary antibody conjugated with FITC for PI analysis and PE for the detection of NCAD (both from Santa Cruz Biotechnology, Inc).
In parallel, secondary antibody-matched controls were prepared. Samples were observed using DMI4000B microscope (Leica). For quantification of alive cells, five images from three replicas of each sample were used and data were expressed as a percentage (%) of total counted cells ± Standard Deviation (SD).
Investigation of Wnt signaling in ΔTop cells
The efficacy of ΔTop_EGFP3a vector as a tracker of canonical Wnt signaling was evaluated in ΔTop-transfected cells at resting conditions and after priming with 20 ng/mL rhWnt3a (R&D system, Wiesbaden-Nordenstadt Germany) or 5 μg/mL LPS (Sigma-Aldrich). As the cells were transiently transfected, the investigation of Wnt signaling was executed within 96h after transfection. Using Western blot (WB), we investigated i) the inactivation state of GSK3β with the detection of p(Ser 
b) Immunofluorescence
At 24h after transfection, resting and primed ΔTop cells were fixed with BD Cytofix solution and permeabilized with 0.5% Triton solution (Sigma-Aldrich). Unspecific sites were blocked using 1% BSA solution in PBS. All samples were incubated overnight at 4°C with mouse antirat LEF1-PE Cy7 conjugated antibody (Cell Signaling, Danvers, USA) and mouse anti-rat β-Catenin. In parallel, isotype-or secondary antibody-matched negative controls were prepared.
After mounting as previously reported, the samples were observed by confocal microscopy. In parallel, the detection of GFP fluorescence was performed as above reported. Cells coexpressing β-Catenin, LEF1 and GFP were quantified and expressed as percentage of total cells ±SD counted in five images from three replicas of each sample. Data were presented as the fold increase in target gene expression that was defined using 2 -∆∆CT method Statistical significance was calculated by Wilcoxon test comparing to untransfected (black circle: p value ≤0.05) and transfected (black triangle: p≤0.05) samples.
RESULTS
β-catenin is released from plasma membrane after LFA treatment
When ENSc were treated with Roti®-Fect PLUS delivery system (Figure 3 ) (+LFA), immunoreactive sites for β-catenin were detected within the cytoplasm while untransfected cells (-LFA) showed its typical plasma membrane localization. In order to verify the cell membrane integrity after LFA treatment (+LFA) ( Figure 3A, B) , the cells were stained with propidium iodide (PI) ( Figure 3A) , a fluorescent dye that does not enter viable cells with intact membranes, or by immunofluorescence for the detection of NCAM ( Figure 3B ). After LFA treatment, cytoplasmic localization of β-catenin was detected in 80.4% total alive (PI negative) cells ( Figure 3A , white arrow) that showed unchanged membrane expression of NCAD ( Figure 3B ). This evidence confirmed that LFA determines in vitro an aberrant accumulation of β-catenin, simulating the pathological feature of some gut inflammatory diseases (28) .
LFA treatment promotes the uncontrolled activation of β-catenin signaling in ENS cells
The kinase AKT, also known as protein kinase B, is a serine/threonine-specific protein kinase that is reported to promote Wnt signaling by phosphorylation of GSK3β at Ser9 (27) . 28.8±1.7%; LPS-treated: 32.3±1.5%) but not in EGFP control (0%). Interestingly, in correlation with the highest inhibition of GSK3β observed at T24h by WB, a higher amount of nuclear β-catenin was detected in Wnt-primed ΔTop cells compared to resting cells.
ΔTop_EGFP3a vector was a useful screening tool in ENS experimental inflammation
By live imaging using optical and fluorescence microscopy, GFP expression was detected in EGFP control sample ( Figure 5B ) and ∆Top cells ( Figure 5C -E) from T24h to T96h. As expected, no green fluorescence was observed in LFA control ( Figure 5A ). Based on the detection of GFP positive cells, FCM assessed ~44% transfection efficiency in EGFP control at T24h ( Figure 6A ). In parallel, about 30% of resting and primed ΔTop cells displayed green fluorescence suggesting the functionality of ΔTop_EGFP3a to detect the unphosphorylated β-catenin and to drive TCF/LEF mediated transcription of GFP ( Figure 6A ). From T24h to T96h, the number of GFP positive cells progressively increased by a factor of 1.7 in EGFP control and ≥2.7 in ∆Top cells in dependence on a constitutive-and β-catenin/TCF/LEF-mediated transcription of GFP. Moreover, these data reflected a regular cell proliferation post-liposomal transfection. Taken into consideration that any modulation of free β-catenin level causes a change of plasmidic activity, we used the expression level of β-catenin and GFP to discriminate a negative/positive regulation exerted by Wnt3a and LPS on uncontrolled β-catenin signaling. As shown in Figure 6B , performing the analysis in GFP-expressing cells, FCM detected a significant reduction of MFI β-catenin in ∆Top cells primed with Wnt3a (p≤0.05) from T24h to T72h while, under LPS stimulation, the expression of total β-catenin was negatively controlled from T48h to T72h (p≤0.05). In parallel, a significant reduction of GFP expression was promoted by Wnt3a only at T24h and T72h. These data enforced our hypothesis that Wnt3a exerts a protective activity of ENS from overstimulated Wnt signaling and that other interconnected pathways could be active in regulating total β-catenin ( Figure   6C ). Moreover, LPS demonstrated to interact with Wnt pathway only at early time as demonstrated by the reduced MFI GFP at T24h ( Figure 6C ). Based on WB analysis, this cross talk probably involved the activity of GSK3β at T30'. To better explore the anti-inflammatory activity of Wnt3a in LFA-induced inflammatory in vitro model, we performed a gene expression study of pro-(TNFα and IL1β) and anti-(IL10) inflammatory cytokines ( Figure 6D (58) provided a conceptual framework for the intersection between cadherin-bound and Wnt-signaling pools of β-catenin during development, cell differentiation and homeostasis. In our study, we provided strong evidence of the tight convergence of AJs, β-catenin, and ENS inflammation using a newly defined in vitro model (9; 56). Lipofectamine-like reagent is a mixture of cationic lipids that efficiently promotes by endocytosis the delivery of nucleic acids. In our study, LFA treatment demonstrated to cause in alive ENS cells a massive release of β-catenin from plasma membrane to cytoplasm suggesting both a disruption of cellular junctions, as observed in bowel inflammatory diseases (28) , and a clear interference with Wnt signaling pathway (35) . These data were in accordance with studies reporting that faint electric stimulus by cationic liposomes induces AJS dissociation activating several cytoplasmic phosphorylation events (61; 30; 14; 63; 67; 1) and promoting the expression of genes and pathways involved in chronic inflammation (18) . Moreover, our data resulted to support also the hypothesis that endocytosis processes might activate Wnt signaling (22) . Although further studies are required to validate this evidence in vivo, using the LFA model and ΔTop_EGFP3a Wnt reporter plasmid, we demonstrated in the ENS that Wnt pathway and AJs are strongly interconnected by a regulatory loop involving β-catenin and GSK3β. In the last decade, several live imaging methods were developed to monitor the activity of canonical Wnt pathway under physiological (13; 65) and pathological conditions (36; 4). As previously reported by our group (17) , canonical Wnt signaling exerts a neuronal surveillance through Frizzled 9 and Wnt3a in enteric myenteric plexus. In a number of contexts, cadherin loss alone was demonstrated not to be sufficient to activate β-catenin signaling but to increase Wnt signals activated physiologically or by other means (36; 44; 10; 76; 32) . In accordance to other experimental studies (58; 5; 46; 8; 24; 54; 25), our findings indicated that an increased permeability of ENS such as that following transient microenviromental cues or acquired structural alterations is associated with β-catenin stabilization and destruction complex inhibition. Indeed, using ΔTop_EGFP3a Wnt reporter plasmid and tracking down the green fluorescence emission of GFP, we demonstrated that β-catenin released from AJ complex is associated with a continuous inactivation of GSK3β and nuclear translocation of β-catenin.
The stabilization of β-catenin by inhibiting GSK3β kinase activity has been demonstrated to exert a significant effect in downregulating NF-kB pathway in IECs exposed to pathogenic bacteria (19) . Moreover, Martin et al. (53) have demonstrated in monocytes that GSK3β is a pivotal factor in controlling whether a pro-or anti-inflammatory response is elicited after TLR activation, switching the response to LPS stimulation from pro-inflammatory, IL12 releasing to anti-inflammatory, IL10 producing. The continuous stimulation of canonical Wnt signaling led to distinct dynamic changes in phosphorylated and total β-catenin characterized by a transient phase of β-catenin accumulation followed by a steady state of GSK3β-phospho β-catenin (31). The sensitivity of ΔTop_EGFP3a plasmid was appropriate to evidence any modulation of total β-catenin through a different expression level of GFP fluorescence. We speculated that under inflammatory conditions the level of total β-catenin could be controlled through a modulation of GSK3β suggesting that GSK3β could exert a pivotal role to balance ENS inflammation and preserve cells from overstimulation by exogenous Wnt3a and LPS increasing β-catenin degradation. This hypothesis is in accordance with evidence previously published concerning the up-regulation of GSK3β insensitivity (48) and Wnt3a release under inflammatory bowel diseases to guarantee protective activities (71; 79; 20) . As previously demonstrated (17) , PI3K/Akt and GSK3β/β-catenin pathways strictly interact in ENS under inflammatory conditions. In the present study, as the treatment with Wnt3a and LPS showed a similar level of phosphorylated GSK3β and AKT but different nuclear accumulation and total amount of β-catenin over time, we concluded that Wnt signaling and NF-kB pathway intersected at the phosphorylation step controlled by GSK3β and AKT but diverged downstream in the formation of β-catenin/NF-κB inhibitory complex and β-catenin or NF-κB nuclear translocation (18) . Although ΔTop_EGFP3a plasmid demonstrated to efficiently detect free β-catenin, our evidence leaves open a number of questions regarding the dynamics and subcellular sites of its activity. Several reports demonstrated the mechanisms regulating the trafficking of plasmids from cytoplasm to nucleus, but it remains reasonable to ask if the expression of LEF-EGFP WNT Reporter could be activated in the cytoplasm wherein both β-catenin and LEF factor are detectable by plasmidic TCF motif and enzyme repertoire could be available. In our study, cytoplasmic but not nuclear accumulation of ΔTop_EGFP3a vector was indirectly demonstrated using β-catenin and LEF1 immunodetection at T24h after transfection. To date, the cytoplasmic activity of plasmids expressing target genes under T7 promoter was demonstrated only in cell lines that constitutively synthesize bacteriophage T7 RNA polymerase (20) . Further studies at early evaluation time in combination with RNA polymerase detection systems will permit to better explore in future the intracellular trafficking of ΔTop_EGFP3a vector. Based on this evidence, we concluded that the GFP Wnt reporter plasmid could be considered an excellent tool to detect the activation state of Wnt signaling and/or its modulation under in vitro simulated bowel inflammation. As the loss of E-cadherin function or connexin 43 is reported in numerous gut pathologies such as Hirschprung's and Crohn's diseases or ulcerative colitis (59; 34; 23; 43; 45) , the use of ΔTop_EGFP3a could be useful to explore the dysregulation of β-catenin and its contribution to the developing of an inflammatory situation. Concluding, the method described herein could open new perspectives for the investigation of Wnt signaling in gut diseases characterized by an altered expression of adherent junctions (6; 7) or Wnts/Frizzled receptors (47; 52; 80; 11) and uncontrolled β-catenin cytoplasmic accumulation (17; 79) . Moreover, our data indicate that the use of ΔTop_EGFP3a is not restricted to studies of inflammatory diseases, but, when used with a different transfection system, it is applicable to the study of other tissues as well. (GSK3β) is inhibited and β-Catenin is released from a "scaffolding" complex consisting of Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1) and GSK3β. Consequently, the stabilized β-Catenin shuttles to the nucleus, interacts with TCF-LEF complex and promotes the transcription of its target genes. In steady conditions (OFF), β-Catenin is trapped at the plasma membrane by cadherins or is tagged by phosphorylation for ubiquitin mediated degradation. )-GSK3β was performed within 24 hours after priming with Wnt3a or LPS. GAPDH expression was used as a reference. In histograms, the quantification of protein expression was reported. (D) Western blot analysis of nuclear and cytoplasmic β-catenin expression in ΔTop experimental groups at T24h. In parallel, the presence of cytoplasmic (GAPDH) and nuclear (lamin B) housekeeping proteins was evaluated. The quantification of protein expression was performed using the image processing software ImageJ. Data were reported as ratio within target and relative housekeeping protein expression. Statistical significance was calculated by Wilcoxon test comparing primed samples to resting ΔTop cells: *p value ≤ 0.05. (E) Immunodetection of β-Catenin (yellow) and LEF1 (red) in samples expressing GFP (green) at T24h. Cells coexpressing β-Catenin, LEF1 and GFP were quantified and expressed as percentage of total cells ±SD counted in five images from three replicas of each sample. Nuclei were counterstained with DAPI. The presence of cytoplasmic bodies coexpressing β-Catenin and LEF1 (white arrow) was detected only in resting and primed ΔTop cells. Bar: 5µm. 
